Background: Salt sensitivity, a trait characterized by a pressor blood pressure response to increased dietary salt intake, has been associated with higher rates of cardiovascular target organ damage and cardiovascular disease events. Recent experimental studies have highlighted the potential role of the natriuretic peptides and aldosterone in mediating salt sensitivity. Design: Prospective cohort study. Methods: We evaluated 1575 non-hypertensive Framingham Offspring cohort participants (mean age 55 AE 9 years, 58% women) who underwent routine measurements of circulating aldosterone and N-terminal proatrial natriuretic peptide (NT-ANP) and assessment of dietary sodium intake. Participants were categorized as potentially 'salt sensitive' if their serum aldosterone was >sex-specific median but plasma NT-ANP was sex-specific median value. Dietary sodium intake was categorized as lower versus higher (dichotomized at the sex-specific median). We used multivariable linear regression to relate presence of salt sensitivity (as defined above) to longitudinal changes (Á) in systolic and diastolic blood pressure on follow-up (median four years). Results: Participants who were 'salt sensitive' (N ¼ 437) experienced significantly greater increases in blood pressure (Á systolic, þ4.4 and þ2.3 mmHg; Á diastolic, þ1.9 and À0.3 mmHg; on a higher versus lower sodium diet, respectively) as compared to the other participants (Á systolic, þ2.8 and þ1.0 mmHg; Á diastolic, þ0.5 and À0.2 mmHg; on higher versus lower sodium diet, respectively; P ¼ 0.033 and P ¼ 0.0127 for differences between groups in Á systolic and Á diastolic blood pressure, respectively). Conclusions: Our observational data suggest that higher circulating aldosterone and lower NT-ANP concentrations may be markers of salt sensitivity in the community. Additional studies are warranted to confirm these observations.
Introduction
'Sensitivity' to salt, characterized by a pressor blood pressure response with greater intake of dietary salt (sodium chloride), has been identified as an important contributing factor to the development of high blood pressure in some individuals. 1 The prevalence of salt sensitivity has been estimated to be as high as 26% in non-hypertensive individuals and 51% in patients with hypertension. 2 Salt sensitivity has also been associated with greater cardiovascular target organ damage and an increased risk of cardiovascular disease (CVD) events. 3, 4 Identification of salt sensitivity in the community is challenged by varying definitions for the condition, 4, 5 the requirement of a saline/salt challenge to identify people 2,4,6 (which is not practical at a general population level), and the limited reproducibility of pressor responses to salt intake within individuals. 7 We hypothesized that serum biomarkers involved in renal sodium homeostasis may be potentially useful for identifying salt-sensitive individuals in the community.
Aldosterone and atrial natriuretic peptide (ANP) are both involved in renal sodium handling 8, 9 and experimental studies strongly support important opposing roles for these hormones in blood pressure regulation. 10, 11 For instance, transgenic animals that underexpress or lack ANP manifest salt sensitivity. 10 And mice with targeted disruption of the aldosterone synthase gene display low blood pressure and impaired Na þ and water absorption in the kidney. 12 We postulated, therefore, that non-hypertensive individuals with lower circulating NT-ANP but higher aldosterone concentrations will be prone to renal sodium retention, and thus may experience greater increases in blood pressure prospectively, a trait that may be modified by the amount of dietary salt intake. We analyzed longitudinal changes in blood pressure modeled as a continuous variable (as opposed to incident hypertension or progression of blood pressure stage) because changes in dietary salt are associated with modest changes in systolic and diastolic blood pressure. 13 
Methods

Study sample
Details about the study sample are displayed in the online supplement. Participants free of hypertension (blood pressure !140/90 mmHg or on antihypertensive medication) and CVD at the sixth Offspring examination cycle (1995-1998, the baseline examination) with available measurements of circulating aldosterone and NT-ANP, and who attended the follow-up examination cycle 7 (1998-2001) were eligible for the present investigation (n ¼ 1575). The study protocol was approved by Boston University Medical Center; all participants provided written informed consent and the study complies with the Declaration of Helsinki.
Blood pressure measurement
During each Heart Study visit, the blood pressure measurements are obtained twice by a physician after the participant had been sitting for about 5 minutes using a mercury column sphygmomanometer and a standardized protocol as detailed in the online supplement. The average of both physician-obtained measurements was considered the examination blood pressure.
Biomarker measurements
Blood was drawn at the baseline examination from fasting and supine participants in the early morning after 5-10 minutes rest. Blood samples were immediately centrifuged and stored at À80 C until biomarkers were assayed. Plasma NT-ANP and serum aldosterone were measured with a high-sensitivity immunoradiometric assay (Shionogi Inc., Japan) and a radioimmunoassay (Quest Diagnostics, MA, USA), respectively. The average interassay coefficients of variation were 12.7% for NT-ANP, and 4.0% (high concentrations) and 9.8% (low concentrations) for aldosterone.
Statistical analyses
Classification of participants according to their aldosterone and NT-ANP levels and their dietary sodium intake. Participants were classified based on whether their serum aldosterone and plasma NT-ANP levels were above (>) or equal or below ( ) the sex-specific median into one of the two groups: (1) Serum aldosterone >and NT-ANP levels the sex-specific median (referred to as potentially 'salt-sensitive'); (2) all others were categorized as the referent group. The median serum aldosterone levels were 10 and 9 ng/dL in women and men, respectively. Median plasma NT-ANP levels were 327 and 250 pmol/L for women and men, respectively.
On a parallel note, individuals were classified according to whether their dietary sodium intake (assessed using the Food Frequency Questionnaire 14 at the baseline examination) was higher (defined as >the sex-specific median) versus lower (defined as the sex-specific median). Median dietary sodium intake was 2047 mg in women, and 2217 mg in men, although this likely reflects an underestimation because of the instrument used. Thus, participants could be categorized into the following four groups: (1) individuals who were potentially salt sensitive and had higher dietary sodium intake; (2) individuals who were potentially salt sensitive but had a lower dietary sodium intake; (3) individuals in the referent group who had a higher dietary sodium intake; (4) individuals in the referent group who had a lower dietary sodium intake.
Assessing construct validity of proposed categorization schema. In order to assess the validity of using NT-ANP and aldosterone to categorize salt-sensitivity status, and dietary sodium intake to classify lower versus higher salt consumption in the context of the blood pressure outcomes of interest, we used generalized additive models (using proc GAM in SAS with its default settings: cubic smoothing splines with 4 degrees of freedom) to plot the relations of serum aldosterone, plasma NT-ANP and dietary sodium intake individually (each analyzed as a continuous variable) to Á systolic and Á diastolic blood pressure during follow-up adjusting for key covariates and accounting for blood pressure treatment on follow-up (see section below). Specifically, we adjusted for the following variables: sex, age, systolic and diastolic blood pressure, and body mass index (BMI) at baseline, as well as percent weight change on follow-up. We evaluated if these plots suggested non-linearity or were consistent with linearity assumption of relations for each of these three variables (serum aldosterone, plasma NT-ANP and dietary sodium intake) with systolic and diastolic blood pressure and if the directionality of association was inverse for NT-ANP but positive for aldosterone and dietary sodium.
Comparison of longitudinal blood pressure changes during follow-up according to presence or absence of potential salt sensitivity and dietary sodium intake. We used linear regression models to evaluate whether there were statistically significant differences in the change (Á) in systolic and diastolic blood pressure during follow-up (from examination cycle 6 to 7) between the four groups defined above based on presence versus absence of salt sensitivity and lower versus higher dietary sodium intake. We adjusted for age, sex, percent weight change on follow-up, and baseline BMI, systolic and diastolic blood pressure. An imputation method previously used by our group was used to estimate blood pressure on follow-up among treated individuals, accounting for the use of antihypertensive treatment (5.5% of individuals). 15 Separate analyses were conducted for Á systolic and Á diastolic blood pressure. In secondary analyses, we additionally adjusted for total dietary caloric intake, dietary potassium intake, fasting serum glucose, heart rate, and estimated glomerular filtration rate (eGFR). 16 eGFR was included as a potential confounder, because it has been shown to be correlated with aldosterone levels 17 and also affects blood pressure. Likewise, low potassium levels seem to play a role in the pathogenesis of hypertension and might interact with aldosterone. 18, 19 We assessed the homogeneity in systolic and diastolic blood pressure changes on follow-up in the three groups combined into the referent group (individuals without putative salt sensitivity; thus with aldosterone levels below the sex-specific median and/or NT-ANP levels above the sex-specific median).
We also performed sensitivity analyses: defining salt sensitivity based on sex-specific tertiles of aldosterone and NT-ANP levels (a value in the top aldosterone tertile and in the lowest NT-ANP tertile was considered salt sensitive); and defining high dietary sodium intake as a value in the top sex-specific tertile. Furthermore, we tested for effect modification by BMI and by dietary potassium intake by including respective interaction terms in the multivariable-adjusted models evaluating changes in systolic and diastolic blood pressure.
Finally, we tested for interaction between potential salt sensitivity and the metabolic syndrome, 20 but this interaction was not significant in the age-and sexadjusted as well as in fully adjusted models predicting change in systolic and diastolic blood pressure (all P-values >0.22). SAS 9.1 was used for all statistical analyses and statistical significance was defined as a 2-sided P-value below 0.05.
Results
The baseline characteristics of our sample are shown in Table 1 . About one quarter of the study sample was potentially salt sensitive by definition (using sex-specific median cut points for serum aldosterone and plasma NT-ANP). Potentially salt-sensitive participants were slightly younger and had higher baseline levels of diastolic blood pressure and BMI.
Construct validity of classification schema
Multivariable-adjusted splines displayed approximately linearly increasing Á systolic blood pressure ( Figure 1a ) and Á diastolic blood pressure levels ( Figure 1b ) on follow-up with increasing baseline serum aldosterone concentrations. However, the magnitude for individual change in blood pressure according to baseline serum aldosterone concentrations was small and did not reach statistical significance. On a parallel note, changes in systolic and diastolic blood pressure during follow-up were inversely and linearly associated with baseline plasma NT-ANP (Figure 2a and b, respectively). Similarly, higher dietary sodium intake was associated with an increase in systolic and diastolic blood pressure on follow-up (Figure 3a Increase in blood pressure during follow-up according to presence versus absence of salt sensitivity as defined by biomarkers. We observed statistically significant differences in Á systolic and Á diastolic blood pressure on follow-up between the four groups defined based on potential salt sensitivity (based on higher serum aldosterone and lower plasma NT-ANP concentrations) and dietary salt intake (P-values 0.016 for systolic and <0.0001 for diastolic blood pressure; Table 2 ). Individuals who were potentially salt sensitive with a salt intake above the sex-specific median had the highest mean increase in both systolic and diastolic blood pressure. On the other hand, individuals who were not salt sensitive and had lower sodium intake had the lowest mean increase in systolic blood pressure and a mean slight decrease in diastolic blood pressure ( Table 2) .
Secondary analyses revealed that the changes in systolic and diastolic blood pressure in individuals collapsed into the referent group (individuals without putative salt sensitivity; thus with either aldosterone levels below the sex-specific median and/or NT-ANP levels above the sex-specific median) was relatively homogeneous (data not shown). Adjusting for total caloric intake, dietary potassium intake, fasting serum glucose, heart rate, and estimated glomerular filtration rate (eGFR) did not alter the findings noted above (results in Table 2 were unchanged). We did not observe effect modification by BMI or by dietary potassium intake (P-values for interaction terms exceeded 0.20).
Defining putative salt sensitivity as having aldosterone levels above the top sex-specific tertile and NT-ANP levels below the lowest sex-specific tertile revealed comparable results (supplementary Table 1 ). Varying the threshold defining high sodium intake did not alter our results (supplementary Table 2 ). Also, excluding individuals on antihypertensive medication upon follow-up did not alter the results.
Discussion
We observed significant differences in systolic and diastolic blood pressure changes during short-term (four years) follow-up between individuals who were grouped at baseline based on presence vs. absence of potential salt sensitivity (serum aldosterone levels >the sex-specific median and plasma NT-ANP levels the sex-specific median) and higher versus lower intake of dietary sodium (>vs. the sex-specific median). Individuals classified as potentially salt sensitive on a higher dietary salt intake had greater increases in systolic and diastolic blood pressure than individuals who were not potentially salt sensitive and who had a lower dietary salt intake. Our data also support the concept that higher dietary sodium intake per se is associated with a modest longitudinal increase in blood pressure relative to a lower sodium intake. In the context of the published literature Sodium and blood pressure. It has been noticed since the middle of the twentieth century that dietary salt intake might be an important determinant of high blood pressure in the general population. However, a large observational study (INTERSALT) reported essentially no association between urinary sodium excretion and blood pressure, although a relation between salt intake and age-related blood pressure slope was observed. 21 Meta-analyses of interventional trials observed only modest reductions in blood pressure in response to dietary sodium restriction. 13 These relatively modest effects of dietary salt on blood pressure may be due to the fact that the blood pressure response to a given dietary salt intake varies considerably across individuals, a phenomenon referred to as 'salt sensitivity'.
We confirm in the present analyses, including only participants free of hypertension and CVD at baseline, that the change in blood pressure during a four-year follow-up varies significantly between individuals, and that salt intake and salt sensitivity (defined based on circulating hormone levels) are modulators of this blood pressure change.
In the literature, different definitions for salt sensitivity have been used, based on the observed blood pressure change in response to a given salt-load or salt restriction. 2, 4, 5 Importantly, these definitions are usually based on interventional studies that require controlled clinical conditions, including application of saline preparations and diuretics, and are not practical for screening of the general population. These clinical studies suggest that about 26% of non-hypertensive individuals and 51% of all patients with hypertension are salt sensitive, 2 indicating that a significant proportion of the population may be more susceptible to the pressor effects of salt. This observation underscores the potential utility of identifying salt-sensitive individuals if practical methods were available. The present investigation raises the possibility that circulating aldosterone and NT-ANP may be potential biomarkers that could facilitate the identification of salt-sensitive individuals.
Our observation, that individuals without potential salt sensitivity were younger than participants without salt sensitivity seems counterintuitive given reports that the prevalence of salt sensitivity increases with age. 22 Further investigations are needed to further elucidate how the biomarker levels track with age.
Hormonal markers of salt sensitivity. Supporting evidence for our findings comes from a recent study reporting that individuals with the metabolic syndrome are salt sensitive. 23 Low ANP 24 and high aldosterone levels 25 are correlates of the metabolic syndrome and might explain why individuals with the metabolic syndrome are salt sensitive.
Melander and colleagues 26 reported that baseline Nt-proANP levels were related to salt sensitivity (defined as the difference in 24-hour systolic blood pressure on a high-salt diet minus 24-hour systolic blood pressure on a low-salt diet). Individuals with lower Nt-proANP levels displayed a smaller difference in systolic blood pressure (on a high-salt vs. a low-salt diet) as compared to individuals with higher baseline Nt-proANP levels, indicating that individuals with lower Nt-proANP were less prone to the pressure effects of salt. While these observations are intriguing, they were obtained under highly standardized conditions in a metabolic ward and reflect the dynamic responses to salt loading, while we aimed to identify salt-sensitive individuals on an unrestricted diet in the community. Furthermore, experimental studies likewise support the concept that low ANP levels predispose to salt sensitivity (see next section). Salt sensitivity in hypertension has been reported as affecting individuals with low-renin essential hypertension and non-modulators. 27 Low-renin hypertension is observed more in elderly and black populations, is characterized by near normal circulating aldosterone but low renin levels, an increased resposiveness of aldosterone levels to angiotensin II infusions, and a better therapeutic blood pressure response to diuretics. 28 Non-modulators, on the other hand, are characterized by a maladaptation (non-modulation) of renal blood flow and of aldosterone responsiveness to given changes in dietary sodium intake, have normal to high plasma renin levels, are more likely to be male and older, and have a better therapeutic blood pressure response to angiotensin-converting enzyme blockers. 29 These two subtypes suggest that renin levels may be variable in salt-sensitive subsets of hypertension but share an inappropriate aldosterone response to angiotensin II infusions.
It is unclear how the construct of salt sensitivity that we have defined in non-hypertensive people herein relates to the two hypertensive subtypes described in the literature. We based our construct on steady-state circulating aldosterone and NT-ANP levels in ambulatory non-hypertensive people on a random salt diet. Additional investigations are warranted to further evaluate our proposed classification schema using dynamic salt-loading studies in both hypertensive and nonhypertensive individuals with the measurement of a larger panel of neurohormonal markers.
Possible mechanisms for the observed association. It is widely accepted that renal pressure-natriuresis is the predominant mechanism regulating blood pressure. This system has an 'infinite gain', which means that blood pressure responses to modest increases in sodium are tempered immediately by renal mechanisms that mediate increased sodium excretion. 30 Salt-sensitive individuals have a relative flattening of the pressure-natriuresis relationship 31 so that greater increments in blood pressure can occur upon being subjected to a higher sodium load than one would expect from a normal pressure-natriuretic set point in referent individuals who are not salt sensitive. The tight autoregulation of total renal blood flow and glomerular filtration rate means that tubular sodium reabsorption is the likely site at which salt sensitivity may operate.
Pathophysiological evidence strongly supports circulating aldosterone and NT-ANP as biomarkers for salt sensitivity. Both hormones are involved in renal sodium handling. Aldosterone stimulates sodium re-absorption through an apical/epithelial sodium channel (ENaC). 9 Patients with homozygous mutations in the aldosterone synthase-encoding CYP11B2 gene display salt-wasting hypotension and common genetic variation in the CYP11B2 gene has been linked to salt sensitivity in the general population. 32 Experimental studies also support a role for aldosterone in mediating salt sensitivity. Mice overexpressing the aldosterone synthase gene displayed significantly higher blood pressure on a high-salt diet than wild-type mice, 33 whereas homozygous disruption of the aldosterone synthase gene resulted in low blood pressure that could not be normalized upon salt supplementation. 12 NT-ANP promotes sodium excretion in the distal convoluted tubules of the kidney via the ENaC receptors. 34 Mice with targeted disruption of the ANPencoding gene displayed elevated blood pressure levels on a standard (0.5% sodium chloride) as well as an intermediate (2% sodium chloride) salt diet. Genetic variants at the NPPA and the NPPB (natriuretic peptide precursor A and B, respectively) locus have been associated with circulating natriuretic peptide concentrations and blood pressure levels in the general population. 35 It is conceivable that participants with higher aldosterone but lower NT-ANP levels are prone to retaining sodium, which could explain the observed increases in blood pressure, especially when dietary salt intake is high.
Strengths and limitations
The large sample, the prospective design and the standardized assessment of blood pressure and covariates strengthen our investigation. The following limitations merit consideration. The generalizability of our findings, which were obtained in a middle-aged sample of white individuals of European ancestry, to other ethnicities and to other age groups is unclear. We used the Food Frequency Questionnaire (FFQ) to assess dietary sodium intake, which has been shown to yield reproducible results that correlate well with dietary records 36 and urinary sodium excretion 37 although this instrument may underestimate actual sodium intake. 36 In our sample, no other information about salt intake (urine sodium or repeat FFQ) was available. Circulating aldosterone and NT-ANP levels were measured only once in each participant, which is problematic, given the substantial variability of NT-proANP. 38 Also, these measurements were obtained on a 'usual' sodium diet. Additionally, levels of NT-ANP and aldosterone are influenced by multiple other factors including posture, obesity, diet, medications, etc. Therefore, ANP and aldosterone could be secondary indicators of other conditions, beyond being influenced by inherent (genetically determined) salt sensitivity.
